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CALIBRATION OFAN INFRARED PYROMETER 

* G. A. McCoy, R. A. Olstad and D. R. Olander 

Ino_rganic Materials Research _Di vision, Lawrence Radiation Laboratory, 
Department of Nuclear Engineering, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

The purpose of this work was to investigate the behavior of an InSb 

infrared pyrometer and obtain a calibration curve in the temperature 

range 200°C to 2200°c. The detector responds to radiation in the 2 - 6µ 

range. 

At temperatures below l000°C the calibration was carried out using a 

commercial black body source. For calibration above 1000°C, two graphite 

black body configurations were used, and calibration consisted. of matching 

the infrared pyrometer signal with the corresponding temperature measured 

by an optical pyrometer. 

All calibrations are for a black body hole 0.156 inches diameter with 

room temperature surroundings, at a pyrometer-to-source distance of 24 

inches. A correction factor was derived for black body holes of various 

sizes with surroundings hot enough to contribute to the deteetur b.i.g1ial. 

A response time of less than 10µ sec was measured. The repeatability 

varied f:i;om ±2°C at low temperatures to ±8°c at 2000°C. The uncertainty 

is largely due to the operator's skill in aligning the instrument. An 

error at higher temperatures is due to the uncertainty in the optical 

pyrometer measurements. 

A comparison between the theoretically predicted·signal and 

measured signal was made. Agreement was within 5°c at low temperatures. 

* In_ partial fulfillment for M. S. Degree, U. C. at Berkeley, Sept. 1970. 
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I. METHODS OF TEMPERATURE MEASUREMENT 

An accurate knowledge of the temperat.ure at which a particular 

phenomenon occurs is necessary in many experiments. In light of this, 

several methods of making high temperature measurements have been 

developed, some of which have advantages in particular situations. 

A. Electrical Devices 

The thermocouple is a popular temperature measuring device qonsisting 

of two dissimilar wires joined together to form. a loop. If the junctions 

are held at different temperatures, an emf will be generated. Thermo-

couples are simple, relatively inexpensive, can measure wide temperature 

ranges and can be readily connected to many types of indicating or 

controlling devices. Disadvantages are aging, an upper temperature 

limited.by existing thermocouple materials and a large mass which causes 

response-speed problems. Since electrical connections must be made to 

the thermocouples, they are not suited for applications involving moving 

objects. In addition,'.· the temperat\ll'e:.·of the junction may vary from 

the temperature being measured,. especially in surface-temperature 
. 1 

measur.ements. 

The thermistor, or thermally sensitive resistor, generally has a 

temperature span in the neighborhood of 200°C, and has its greatest use 

below 300°C. High sensitivity (i..e. large resistance changes per degree 

of temperature) can be coml;>ined with very small thermistor beads tu 

give low heat capacity and fast response. Thermistors avoid reference 

junction compensation difficulties, polarity checks, and lead-length 

eompenae.tions . 1 
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Optical devices are those in which the measurement depends upon the 

radient energy emitted by the hot source. The radiant energy emitted by 

a black body is ~iven by Planck's Law 

5 c2 
>.. (exp XT - 1) 

(1) 

where JbA. is the amount of ene:t"gy .radiated at wavelength >.. per tmi t area 

and per unit time, and T is the absolute temperature of the radiator. 

c1 and c2 are the first and Recnn.a. radiation constants. 

In the visible range, for temperatures less than 3000°K, Wien's 

appr.oximation mey hE=! 1Ji;;ed 

J "' c >..-'> e........,(-c /'-'I') bA. - 1 ~~ 2 ( 2) 

Most real surfaces are not perfect emitters; the emission from a 

non-bla,ck surface mey be expressed in. terms of black-body emission by 

Tl).e spectral· emissivity t: >.. is a function of wavelength and 

temperat.ure. Emissivity is generally thought of as being a bulk or 

( 3) 

material property, a property of an ideal· body. In practice, surfaces 

are not optically flat; and in addition may contain some film or oxide. 

The term "emittance" is used to. describe this non-ideal state. Emittance 

is not a constant characteristic of the material. It refers to the 

material surface at the time of observation and under specific 

environmental conditions. 
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A brightness or optical pyrometer measures the temperature by 

comparing the apparent brightness or flux of radiant energy of a hot 

object with the known brightness of a calibrated ·filament. One of the 

major d,i.sadvantages of an optical pyrometer is that the emittance of 

the target 9bject must be known. Another is the requirement of a human 

operator. 

A ratio or two-color pyrometer makes two brightness temperature 

measurements using two wavebands of energy. Since the emittance.of most 

surfaces varies slowly with wave~ength, the ratio of the two 

measurements is relatively unaffected by the emittance of the ob.ject. 

( 4) 

If the emissivities at the two wavelengths are equal, the ratio R 

depends entirely on T, the desired temperature. A typical ratio 

pyrometer uses one photomultiplier to detect the intensity at two wave-

lengths. A filter rotates in front of the photomultiplier, alternately 

admitting red and blue light. 

The ratio pyrometer concept minimizes the problem of emittance and 

eliminates this problem entirely for gr~ bodies. Electronic sensing 

also eliminates the requirement of an operator. However, both optical 

and ratio. pyrometers have a limited response time. In addition, neither 

can be used below approximattely 750°c, since the intensity in the 

visible r~gion is not suffj_cient for comparison below that tempe;rature. 
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c. Infrared F'yrometers 

In some applications, none of the above temperature measuring 

devices are adequate. One such instance is the measurement of the 

surface temperature of a rapidly rotating disk. The thermocouple or 

thermistor cannot be attached to the disk because of its motion. The 

optical pyrometer cannot be used below 750°C. 

A second instance involves the rapid heating of solid surfaces by 

a lC:t.Bt:!L' pulse. Sine~ the i~c;er pulse and reoult.e.nt temperature transient 

·•care· in the millisecond range, a detector with a fast response time 

is :required. 

A serr~conductor infrared pyrometer, with its fast response time 

(microsecond. time constant as compared to one hundredth of a second for 

a th~rmocol..1,PlP.), wi ni;> t.eil!p~;raturc rn.n~r., nnd e.b:i.l.i. Ly Lu uetcrmin.e s'url'u1.:t:! 

temperatures directly is ideal for these applications. 
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II. · "PHQt,oDIODE "CHARACTERISTICS 

A. General Description 

Semic'onductor detectors generally _work in two modes· - photo

conductive and photovoltaic. 2 In a photovoltaic detector, an electric 

field is built into the detector by w~ of a p-n junction. Photons 

incident on the junction create hole-electron pairs which are separated 

by the action of the field before they can recombine, thus establishing 

* a current source. 

For a photovoltaic· indium antimoni-de photodiode used in the 

detector desci-ibed her.e·; photons with energy greater than the band gap 

will create electron-hole pairs. The holes, if created within the 

diffusion length to the junction, flow to and fall down the potential 

hill to the E. side. The electrons remain in the !!. region and eventually 

recombine, the net effect being a current flow across the ,junction. 3 

The InSb photodiode is prepared by the reaction of purified 

stoichiometric proportions of indium and antimony. The compound is 

grown into single crystals, and elements of the desired dimensions are 

then cut from the crystal. The sensitive p-n junction is formed by 

2 
diffusing p-type impurities onto the surface of the n-type InSb crystal. 

. 4 
The photodiode used here is the Philco-Ford Corp. model L4540. The 

diode is mounted in a small vacuum dewar to permit cooling to liquid 

ni trugen Lempe rat ui·e. 

* An external battery maintains a current in a photo~nductive detector. 
In this mode no p-n junction is needed, just a semicond~ctor. Incident 
photons free additional change carriers from atoms of the crystal when 
valence electrons are raised to the conduction band. 
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* When examining a detecti vi ty versus wavele_ngth plot for indium 

antimonide (Fig .. 1), it. is :found that the maximum response lies between 

two and six microns. According to Wien' s displacement law, 

. AMAJC • T = 2897 .6it°K 

t~e maximum 'or the Fla.rick .distribution falls within the 

_photodiode specti"al riinge fn the temperature interval between 500 and 

l~»uu"K. · 'l'he InSb photodiode can be used for temperatures. above 200°c. 

* The detectivity is defined as the signal to no:ise ratio per watt of 
incident power. 

·-· 
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, Fig. 1. Detectivity of InSb diode at 77°K as a function of wavelength. 
Curve ta.ken from Philco-Ford Product Sheet E0-112. 
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B. ·netector Response 

Typically, the detector is connected in a circuit such as that 

shown in Fig. 2. The output voltage signal depends upon the I-V 

characteristics of the diode and upon the external c~rcuit. The diode 

I-V characteristic is given.by5 

+ V /Rd .. d . 
.10 c 

(6) 

where l is the current through the circuit, V is the voltage across the 

diode and I is the current source due to the incident. radiation from 
SC 

the hot target. Is .is the reverse saturation current and Rdiode is the 

diode resistance. Both are peculiar to the particular diode. Td is the 

temperature of the detector (usually 77°K). The electronic charge is 

denoted by e and k is the Boltzmann constant. 

111c 1-oad lii1e of the e:x-e~i-~"i.al e1r~u1 'E is de-eei·m.in~d 'by: 

V=-TR+V 
0 

(7) 

The operating point is the intersection of the I-V curve with the 

load line. Typical situations are shown in Fig. 3. In the present 

experiments, no bias voltage was employeQ. (V 
0 

= 0) a.ncl 1 nA.il rpsi stors of 

lk, lOk, and lOOk were used. 

The I-V characteristic curve of the present detector with 300°K 

background radiat:i .. on impinging on thP. ili nne :i.s shown in Fig. l1, From 

this plot and Eq. (6), the ·diode param~ters were found tn hP: 

RdiodP. = 20 M 

Is = 6 x lo-
14 

amps 

Td was. 77°K in these tests. 

The current induced by th0 incident radiation from the hot target 
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is obtained as follows. Assume that the lens system of the pyrometer 

views a spot of area A on a hot surface at temperature T. The pyrometer 

collecte radiation over a solid angle lln frotn. the hot target. If e:: A. is 

the spectral emissivity·of the target and UA is the number of electron-

hole pairs generated by a unit of energy input of photons of wave 

length .. "A, the induced currejat is : 

( 8) 

optic.U syfitem. A.. is the longest wav;ele.~gth to which the diode respon(!.s max 

and is deterl!lined b~ ifbe b~d g~p o:f ~}l·~·· s~miconductor material. A.min is the 

shortest wavelength to which the diode. responds. Choice of Aruln is somewhat 

arbitrary, since the detector material. simply becomes more transparent 

as the wavelength decreases. Both "Amax and ;\min could have been considered. 

as pa.rt of' the efficien·cy function UA, which has the general shape of 

thf'? detectivity curve of Fig. 1. .An approximate expression for UA. ta.ken 

f'rom the curve of Fig. 1 is: 

Using Fig. 1 as a guide, 

-a/A. constant x e 

.. 5. 2µ , :>. i - 2µ, and a - • 3\J. · mn 

( 9) 

The present system was utilized with operating points essentially 

on the flat portion of the I-V curves, which implies that the last two 

terma on the right of Eq. (6) were negligible. Consequently, ! .. -! 
SC' 

and with no bias voltage (V 
0 
:::O), the output voltage i.s: · 

V = I R 
SC 

(10) 

According to Eq. (10), the output signal should increase rapidly with 
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* source temperature. This beha\rior was indeed observed up to the point 

at which the voltage was large enough to cause the last two terms of 

Eq. (6) to become significant. This occurrence places the operating 

points on the steeply rising portion of the I-V curves of Fig. 3 and 

saturation occurs (i.e., no further increase in signe.i as the source 

temperature is increased). At this point it is necessary to switch to 

a smaller. load resistor to get back on the flat portions of the I-V 

curves,' where Eq. (10) is valid and sensitivity to temperature is high. 

Typical examples of the output-temperature response of the detector are 

shown in Fig. 5. Saturation for R = 200 k, .100 k, and 50 k is evident. 

The data represented by these curves are for illustrative purposes only; 

they are not of calibration quality. 

*If-EA' TA, and UA were all constant, the signal would rise as T
4. 

Detailed consideration of the detector response with temperature is 
presented in Sec. V. 
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III. THE INFRARED PYROMETER 

·' 

A. · Desc.tiption 

A schematic-of the pyromete~ is shown in Fig. 6. The radiation from 

the hot target entering from the upper le~ of the picture is collected 

by a Cassegrain lens system. The optical characteristics of this lens 

are discussed in detail in Appendix A. The radiation impinging on the 

large concave mirror is reflected to a smaller,. centrally placed convex 

mirror which renders the radiation parallel. The beam is turned at 

right angles by a mirror and strikes a dichroic mirror at 45°. This 

component acts as a beam splitter. It is made of Kodak IRTRAN-2, which 

transmits ·most of the radiation in the 2 - 6µ range of the InSb diode 

(see Fig. 7 for transmittance curve for IRTRAN-2). Sufficient visible 

light is reflected from the surface of the beam splitter to the eyepiece 

for visual. focusing on the hat target. At temperatures below l000°C, 

however, artificial illumination of the target is necessary to view the 

surface thllough the eyepiece. A slight position adjustment of the 

pyrometer is required to produce the optimum infra-red signal when the 

unit is aligned visually, since the two alignments do not exactly 

coincide. 

The infra-red radiation transmitted by the beam splitter is 

2 
mechanic~lly chopped at 60 Hz before being focused by a lens on tqe 4 mm 

sensitive area of the InSb detector. The purpose of the modulation of 

the radiation is to provide s_ignal information in AC foi:m while the 

. unmodulated background radiation which may leak into th~ diode area 

and electrical noise in the detector and electronics is DC. The electrical 

output of the detector is processed by the circuit of Fig. 2. The AC 



·:. 

-16-

CONCAVE MIRROR 

CONVEX MIRROR 

DI CHROMIC 
MIRROR 

CHOPPER 

DETECTOR 

Fig. 6. Infrared py~ometer optical system. 

XBL 708-1905 



-17-

UCRL-19665 

f .... 

0----~-----~----~--_..~~ 
0.4 1.0 1.6 2· 4 6 8 10 

). , microns 

XBL 709-6492 
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(signal) coni.ponent of the_ total output volt_a,ge is measured by a digUal 

voltmeter, which produces a signal outp~t (denoted by S) proportional. to the 

amplitude_ of the AC compbnent of the input (V of Eq. (10). Typical output 

signal levels are.shown in Fig. 5 as a function of target temperature. 

B. Effect of Source-to-!'.Yrometer Distance 

The variation of signal with source-to-pyrometer distance is not 

the same for an infrared radiometer as for an optical pyrometer. 

The temperature measured wi-bh an optical pyrometer is not dependent 

on distance from the source since the image formed varies in size so as 
. 2 . 

to just compensate for the l/~ attenuation of source flux (t .~ source-

to-pyrometer distance). Therefore, the energy per unit area per second 

passi_ng. thro~h the plane of the filament is independent of position. 

This does not hold for the -infrared pyrometer since the signal is 

proport1onal to the total number of photons impinging on the detector 
.· 

a.!'ea. Fig. 8 shows the effect of focal distance on the signal for a 

fixed target temperature. The .infrared pyrometer w~s calibrated for a 

fixed distance of 24 inches. 

c. ·spot ·size 

The area of the radiation source surface viewed by the pyrometer is 

determined by two param,eters: 

1. The·dht&noe bet'l!reon the mirrors in the Cassegrain optical 

system (see Appendix A). 

2 ~ The distance from the detector to the converging lens ,just 

prior to the detector (Fig. 6). 

Figure 9 shows that the· smallest spot size is obtained when the detector 

is placed close to the. lens. !n;..the'-present system,. the detector was located 
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at the .. fbcal .point ii;i order. .. :to obtain the largest p0ssible signal. 

With the detector responding to all radiation c.ollected, the spot 

diameter at the source was calculated to be 0.11 inches (Appendix A). 

This result was verified qualitatively by sweeping the pyrometer over a 

small (0.025 in. diam.) black-body hole. The vertical and horizontal 

sweeps gave widths on. the order of ·o·. 04 in··- and 0. 06 ~n. respecti ve.ly 

(the total widths or.: the. curves in Figs. 10 and 11 less the hole diameter) 

The area of the hot target.viewed by the ·pyrometer is this somewhat 

elliptical in shape. 

D. Correction for Hole Size and Ten:rperature of Surroundings 

In many applications, the pyrometer IllB\Y be set to view a hole 

smaller than the one required for maximum pyrometer signal. The measured 

signal ma;y .therefore contain a contribution from the surroundings of a 

hot hole (which ma;y be at a different temperature or have a different 

emissivity) in addition to the signal from the hot hole proper. This 

effect is demonstrated by focusing the pyrometer on black body ~oles of 

successively larger diameter. The plot of Fig. 12 shows the results of 

this test·. The maximum signal was obtained with the largest hole 

available on the commercial black body source (3/8 in. diam.). This 

reading appears to be close to the signal which would have been obtained 

from an infinitely large surface (or hole), and is denoted by 8
00

• It 

was noted that the signals :from smailer holes, denoted by S, were 

related to the maximum signal by the relation: 

s s = 
00 

1 
l+li (11) 

where the correction factor ~ depends upon the diameter of the black 
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body hole, but not upon the temperature. The da.ta of Fig. 12 can be 

correlated by the correction factors shown in the following table: 

hole diameter, 
inches 6 

0.100 0.133 

0.156 0.065 

0.200 0.045 

0.375 0.000 (by definition) 

All final calibrations were made with the 0.156 in. diam. hole on 

the black body sources (both above and below 1000°C). 

The correction factor 6 was obtained for the black body holes of 

the commercial black body source. The holes of this source are surrounded 

by t;i, surface esr;:;ent.i.A.Jl;y at room temperature, which contribute::> nothing 

to the signal. If, howev~r, the black body hole is surrounded by a 

surface at a temperature which is appreciably greater than room tempera-

ture, an additional correction for this contribu.tion to the total 

signal must be made. To make this correction, two measurements must be 

made. First the pyrometer is centered on the hole, and records a 

signal denoted by s1 • Then the pyrometer is focused on the area 

surrounding the hole (far enough awa:y from the hole so that radiation 

from the hole is not received). This signal is denoted by s2 . If the 

surroundings are at room temperature or'below, this signal is essentially 

.z.ero. 

Consider the signal s1 • It can be regarded as the suru of the 

signal due to a hole with room temperature surroundings, 8h' plus a 
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signal due to the 'farm surroilndings, Ss: 

Now consider the signal due to the surroundings, Ss. This can be 

viewed as the difference between the s.ignals that would be measured if: 

(i) the pyrometer viewed a large expanse of surface at the same 

temperature as the surroundings and (ii) the pyrometer viewed a disk of 

the surface of diameter equal to that of the black body hole but with 

the temperature and emissivity of the surroundings. The signal due to 

the large surface area ((i) above) is what is actually measured and is 

therefore equal to s2 . The signal due to the circular element is 

related to the signal from the large expanse of surface by Eq. (11). 

Thus, Ss may be written as: 

(13) 

Inserting Eq. (13) into Eq. (12), Sh is found to be: 

(14) 

Thus, the two measurements s
1 

and s2 plus the hole size correction 

fac.tor can be combined to determine what the signal would have been 

had the surroundings of the hole been at room temperature. The signal 

Sh can now be corrected by Eq. (11) to account for t.he difference in 

the diameter of the hole tinder consideration and the hole size. for 

which the.calibration curve was prepared (by multiplying by the factor 

(1+6)/(l+Li ), where Li is the correction factor for the calibration c c 
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hole and 6. is the correction factor for the measuxem0nt hole). 

The procedure outlined above was needed to make the .calibrations 

above l000°C obtained with the graphite black bodies consistent with the 

calibration curve obtained below l000°C with the commercial black body 

source. It is also necessary when measuring the temperature of black 

body noles with warm surroundings. Even if the surroundings are at 

the s.ame temperature as the hole, they will appea.r cooler because the 

surface emissivity is less than the effective emissivity of the bottom 

of a hole. 

E, Del:P.rm:fnA.t.1.on o±' J:t.;missivity 

If the surface and the hole are at the same temperature, and the 

hole has a length-to-<'11 A.mPt.i;>r ratio iut'fioicntly la.rgc to b.:: \'.:uub.iut=L't!U 

a black body ( ar if it is in fa.ct a co.vi ty), the on,;_hole a.ml off-hole 

measurements described in the preceding section can be utilized to 

determine the emissivity of the material. To accomplish this end, it 

l:'!iust also bP. Assumed that the spectral emissivity is inclependent of 

W'l:LVe length over the 2 - 6µ bandpass of the detector (i.e. , the body 

is gray over this range). If this is so, E may be removed from the 

integral of Eq. (8). The integral then repl'.'esents the current generated 

by a black body shining on the detector. The voltage across the detector 

(V of Eq. (10)) and hence the sip;nal S, is simply proportional to the 

emissivity . 

To determine the emissivity, assume the measurement s1 and s2 have 

been made and Sh computed by Eq. (14). s2 represents the signal from a 

large surface at the same temperature as the black body hole but of 

emissivity E instead of unity. Sh represents the signal from a black 
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body hole,. which when multiplied by 1 + 6., represents the signal which 

should have been observed if the hole were infinite in: extent. The 

emissivity is simply the ratio·of the signal from the infinite surface 

to that from the infinite black body hole: 

(15) 

If the hole is large (6.-+-0),e: = s2/s1 • 

F. Temper.ature Measurement of a Plane Surface 

If the pyrometer i's sighte·d on a large plane surface, 'the emissivity 

must be known if the temperature is to be obtained. If s2 is the signal 

from the plane surface, S/ e: is the signal which would have been 

measured had the surface been black. If the calibration .~f the pyrometer 

was performed on black body holes with cold surroundings and the hole 

stze correction. factor was /J.c' S/fi;; (1+6.c)] is the signal which would 

have been observed from a black boey hole of the correct diameter and at 

the temperature of the plane surface under consideration. This quantity 

is used in conjunction with the calibration curves to determine the 

temperature of the surface. 

<.: 
. .,;·,. 



IV. · CALIBRATION 

A. Below l000°C 
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Below 1000°C the pyrometer was calibrated with an Infrared Industries 

model 404 bJiack body. The black body source was its elf calibrated with 

a calibrated thermocouple. The cavity emissivity was specified as 

99% ± .. 1% and the control accuracy as ± 1°C. The calibration is shown in 

Fig. 13. 

B. Above iooo 0 c 

The two black body configurations shown in Fig. 14 - a cylindrical 

cavity and a cylindrical hole - were used for calibration above 1000°C. 

Both were constructed of graphite. 

The graphite was heated in an induction heater.. An argon flow was 

supplied to prevent oxidation. The graphite black .body was then 

simultaneously viewed by the infrared pyrometer and an optical pyrometer 

as shown in Fig. 15. The hi,i:i:h temperature calibration r.onsi st.Pn nf 

ID:atching the corrected voltage. output from the infrared pyrometer with 

the corresponding temperature measured by the optical pyrometer. 

1. Emissivity 9f Hole 

Because of the small solid angle subtended by the ?Ptical system, 

both the infrared and optical pyrometers view only the bottom of the 

hole. Sparrow• Albers ann F.r:-kert 
6 

have calculated the effective 

emissivity of the bottom of cyJj ndrical holes with gray, diffusely 

emitting surfaces. For a hole of' length to diameter ratio of 11 in a 

material of emissivity 0.5, the effective emissivity of the bottom of 

the hole is 0.988. 6 
Since the emissivity of graphite

7 

is greater than 0. 5 between 0. 65µ and 6µ, (the range at which both the 
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Fig. 13. Temperature calibration of commercial black body source. 
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Fig. 14. Graphite .black body sources used for calibration 
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optical and infrared pyrometers are sensitiv~), a ·cylindrical hole in 

graphite is an excellent approximation to a b~ack body. 

2. Emissivity of Cavity 

8 Quinn has calculated the emissivity of cylindrical cavities closed 

at one end and having an opening on the other end equal to or smaller 

than the radius of the cylinder. 

For the cavity shown in Fig. 14 with surfaces of emissivity of 0.5, 

a minimum value of b.987 was calculated for the emissivity of,the 

bottom of the cavity (which is viewed by the pyrometer). 

3. Non-Blackness Correction 

For the optical pyrometer, the relationship between the brightness 

temperature ( T apJ;,) ai;i.d t.:P.e true tel!lP,~±1;3.ti...tre ( 'r) is 

}-- ~ = -(82) ln e: 
app 

(16) 

Where A = 0.65µ and C~, Planck's second radiation constant, equals 
'-

1.438 cm/°K. An emissivity of 0.988 will yield a correction to 

the brightn.ess temperature of 0.6°K at l000°K, and 2.4°K at 2000°K~ A 

correction of this magnitude is insignificant since it lies within the 

range of accuracy of the optical pyrometer. 

For the infrared pyrometer, operating under conditions that Eq. (10) 

is valid, t~e measured signal should be increased by -1.2% to account 

for an effective emissivity of 0.988 (assuming the. body is gray). This 

small correction has been neglected in the calibrations. 
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c. ·Calibration ·conditions 

The calibration curves obtained with the black-body sources are 

shown in Appendix B. These curves were obtained with black body holes 

of 0.156 in. diam. With the connnercial source, the surface adjacent to 

the hole was at room temperature. Two readings were made on the graphite 

black-body sources; one on the hole and one on the surface adjacent to 

the hole. 'rhese two results and Eq. (14) were used to correct the 

measurement to what would have been obtained if the surroundings of the 

hole had been cool. In this manner the calibration from the commercial 

black body and the graphite. black bodies were both placed on the same 

basis. When the calibration curves are used to determine temperatures 

from measurements of pyrometer output, care must be taken to correct for: 

1. Emissivity of the material 

2. Size of hole (if different from 0.156 in. diameter) 

3. Temperature of the surface adjacent to the hole 

·The calibrations are valid only for 24 in. between s.ource and pyrometer. 

At other distances, the curve of Fig. 8 may be used to correct readings to 

24 in., but with loss of accuracy. 

To avoid the saturation.problem shown in Fig. 5, the systemwas·cali-

brated for three load resistors: lOOk up to 500°c; lOk from 500°c to 1200°C 

and lk for higher temperatures. The actual load resistance in the circuit 

of :Fig. 2 is less than these values because of' the oscilloscope and digital 

voltmeter, whose 1M imput resistances ~ere in parallel with R. Thus, the 

calibration curves refer to load resistances given by: 

1 1 2 
-R-- = R +.--,.. 

act lOb · 
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V., THEORETICAL OUTPUT VS. TEMPERATURE 

It is of interest to ascertain whether the calibration curves of 

Appendix B show the expected variation of signal strength with source 

temperature. The connection between these two quantities was developed 

in Sec. II-B. 

If the infrared pyrometer is operated ±n the range where Eq. (10) is 

valid, the output signal is proportional to the integral of Eq. (8). 

·us~ng E~. (9) for the detector response function and approximating the 

black body spectrum by Eq. (2), Eq. (8) mey be integrated analytically 

to yield: 

A max 
4 

(
.1 )[ 2 3 4 J exp -~ <X +3r.< +6r.v +6r1. 
~ max max max max max --- · ··· -s -

K 

K 
· e:x:p(--1-) [a . +3a

2
. +6a3. +6a

4
. J a . IJlJ. n ID.J. n IJlJ. n IJlJ. n 

nun -~ 
min 

where a 
max a. 

nun = 
;\ . 
min 

Figs. 16 and 17 present a comparison between Eq. ( 1'7) and the measurements 

in both the high and low temperature regions. The constant of proportion-

ality K was determined by matching a measurement with Eq. (17) at a 

convenient .temperature. Values of A . = 2µ A = 5.2µ and a= 0.3µ IllJ.n ' max 

were used. These parameters (which are not known accurately) may be 

slightly varied to obtain a closer match of theory- and experiment. At 

high tempera~ures, better agreement would have been obtained if Planck's 

law, Eq. (l~, were used instead of Wien's approximation, 'Eq. (2). 
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Fig.·16. Comparison between measured and calculated 
signal at low temperatures. 
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Figures 18 and 19 show that tlle data are c!l!osely approXimated by 

a straight line. on a plot of; the logati thm of the signal versus the 

reciprocal te.mpera:t';l~e. , Therefore, an equation of the form: 
I. 

S = s0ex:p(-A/T) mey pe :utilized for extrapolation to temperatures beyond 

the upper limit 6f the .calibrations performed here. 

"· 
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Fig~ 18. Logari thi."'l of measured signal vs. reciprocal temperature 
,.for lOK scale. 
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VI. . RESPONSE ·•rrME 

The time constant of an infrared detector is generally determined 

by the square pulse technique. Square pulses of radiation can be obtained 

by reflecting radiation from a rotating mirror onto the detector. 

Lacking the optics necessary for the square radiation pulse technique, the 

electrical analpg shoWt;l ~n Fig. 26 was us~d. 3 The time constant measured was 

the RC time constarit of the signal-processing circuit rather than the 

time constant determined by the transit time of the charge carriers of 

the photodiode. It was assumed that the diode capacitance for incident 

light was the same as that for an applied voltage and that the capacitance 

was 'independent of the magnitude of the applied voltage. 

A square wave generator was used to provide input pulses of' rise and 

fall time less than .lµ sec. When 0.03 or 0.06 volts was applied across 

the circuit of Fig. 20, the following response times were measured 

T0 ~ 0.7µ sec without diode in circuit~ 

According to Fig.' 20, 

~) 
where C is the capacitance of the oscilloscope and str~y capacitance in s 

connecting cables. Therefore, 

with the diode in the circUit, 

T = 

c = 80pf. s 



•· 

-. 

50A Rs=IM 
. Cs 
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Fig. 20. Circuit for measuring system response time. 
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Rdi d. was measured as 20 M. Therefore o e · 

The time constant of an RC circuit is simply RC. For the actual detector 

circuit R is the net parallel resistance of Rdiode and the resistance 

used in the circuit of~ Fig. 2. The time constant for the detector is: 

0.08µ sec for lk 

o.8 µ sec for lOk. 

8 µ sec for lOOk 

Stra,y capaci ta.nee has been neglected in these estimates. For measure-

ment of rapid temperature transients, the chopper in Fig. 6 fa removed 

and the signal is measured on an oscilloscope. 
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'APPENDIX A 

CASSEGRAIN LENS SYSTEM: THEORETICAL SPOT SIZE 

The paraxial ray equation for a mirror is :·9 

1 

s 
1 - = -
s' 

2 
R 

where S = source to mirror distance 

S '= mirror to image distance 

R = mirror radius 

For the configuration shown in Fig. 21, 

and 

I 

UCRL-19665 

(A-1) 

(A-2) 

since s2 is infinite for the convex mirror because the beam produced by 

it is parallel 't6 'the optical axis. Since uuLli 02 awl 01' U!l Pig. 21 art::: 

neg~tive, 
I 

s2 = s1 + D (A-3) 

the above equations give: 

1 l 2 
-+ = 
s1 . ~2 

D 
Rl 

-+ 
2 

(A-4) 

The P.roblem is to calculate the focal spot radius, h . , for which 
mn 

all of the rays emitted from h . and incident on the concave mirror also 
mn 

impinge on the convex mirror and are eventually detected. It is assumed 

that the requirements are just met for a ray impinging on the far side of 

the concave mirror which barely intercepts the convex mirror. 

.,. 
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Consider the bottom ray in F.ig. 21 and its reflection from the concave 

mirror. By examination of the relationship~ among the pertinent dimensions: 

h' .. 
:uu.n bf2 --X- = -x-+-..Ji-s-2..,...I = D + (A-5) 

where h~n is the image height of hmin formed by the concave.mirror and x 

is the distance along the axis between h 1
• and tlie intersection of reflected 

min 

bottom ray with th9 axis. 

Using Eq. (A-2) yields: 

b h'. . mn - 2 -
R

2
(a-b) 

. 4D 

The magnification of the optical 

m= 

system is given by: 

'h' 8
1

1 

- 'i1" =. s
1 

There fore with o 
1

' t'rom ( A-2) and ( A-3) : 

h . = h I. Sl/ 
min nun 

or substituting h' . from (A-6) :· 
mn 

h 
s1 

= min R2 
-+ 
2 

b 
2~ 

D 

(A-6) 

(A-7) 

(A-8) 

(A-9) 

Following the same type of proced'llre for h (hot shown on Fig. 21), max 

the focal spot radit1.$ ~t which nn emitted rays falling on the concave 

mirror may be detected, gives: 

h 
sl· 

-
R2 max 
-+ D 2 

(A-10) 

By making various measurements on the optical system it was found 

that: 
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a = 1. 3" 

b = 0.25" 

Rl 1211 

R2 = 2.5" 

D = 6.2" 

Utilizing th,ese numbers, s1 was calculated from (A-4) to be 31 in., 

which corresponds to a normal 24 in. source-detector distance. Values 

of h. . = 0. 058" and hm"'" = · 1.14 in. were calculated. Therefore, when 
. Inl.n ....... 

the pyromet~r is calibrated at 24 in., all of the radiation falling on 

the concave lens within a focal $pot radius of 0. 058" will be detected. 

A part of the radiation falling on the concave lens up to a spot radius 

of 1.14 inches will be detected .. 

Th'ese results are expected to overestimate the spot size since not 

all of the rays incident on the convex mirror are actually detected. 
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.CALIBRATION CURVES 
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For a 0.156 in. black body h~le with room temperature 

surroundings at a· distance at" 24 in. Al~u see note concerning 

load resistances in Sec. IV-C. 

.; . 

·I 
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